Over 17 million km 2 of land is affected by soil flooding every year, resulting in substantial yield losses and jeopardizing food security across the globe. A key step in resolving this problem and creating stress-tolerant cultivars is an understanding of the mechanisms by which plants sense low-oxygen stress. In this work, we review the current knowledge about the oxygen-sensing and signaling pathway in mammalian and plant systems and postulate the potential role of ion channels as putative oxygen sensors in plant roots. We first discuss the definition and requirements for the oxygen sensor and the difference between sensing and signaling. We then summarize the literature and identify several known candidates for oxygen sensing in the mammalian literature. This includes transient receptor potential (TRP) channels; K + -permeable channels (Kv, BK and TASK); Ca 2+ channels (RyR and TPC); and various chemo-and reactive oxygen species (ROS)-dependent oxygen sensors. Identified key oxygen-sensing domains (PAS, GCS, GAF and PHD) in mammalian systems are used to predict the potential plant counterparts in Arabidopsis. Finally, the sequences of known mammalian ion channels with reported roles in oxygen sensing were employed to BLAST the Arabidopsis genome for the candidate genes. Several plasma membrane and tonoplast ion channels (such as TPC, AKT and KCO) and oxygen domain-containing proteins with predicted oxygen-sensing ability were identified and discussed. We propose a testable model for potential roles of ion channels in plant hypoxia sensing.
Introduction
A recent climate model predicts that by 2050 approximately 450 million people will be exposed to increased frequency of flooding (Arnell et al. 2016) , with > 1.7 billion ha of land being affected. This results in an estimated annual damage exceeding E60 billion (Voesenek and Sasidharan 2013) . Therefore, it is imperative to increase crop capacity to tolerate water extremes by harnessing natural genetic diversity in breeding programs and understanding the molecular mechanisms of hypoxia and waterlogging stress (Voesenek and Bailey-Serres 2013) . A key step in this process is an understanding of the mechanisms by which plants sense low-oxygen stress.
In contrast to animals, plants do not have an active oxygen distribution system, but depend on diffusion and convection and the conductivity of gas transport in specific tissues (Armstrong et al. 2006 , Ho et al. 2011 . In shoots, the oxygen concentration around the vascular bundles is only 20 kPa under normal conditions, while in the epidermal cells it is in equilibrium with the surrounding air (van Dongen and Licausi 2015) . In roots, the partial oxygen pressure in the stele is only 9.7 kPa and drops to as low as 0.02 kPa when roots are exposed to waterlogging (Kotula et al. 2015) . Plants have evolved a wide variety of physiological, morphological (e.g. adventitious roots and aerenchyma) and metabolic adaptations allowing them to survive oxygen deprivation (Drew 1997, Bailey-Serres and Voesenek 2008) . The above responses are highly tissue specific. For example, a strong difference in the patterns of regulation of superoxide dismutase, cell wall-loosening enzymes and several transcriptional factors (such as ethylene response factor, ERF) were found between aerenchyma-forming root cortex as compared with the stele (Rajhi et al. 2011) . The process of adaptation relies on multiple signaling networks and their interaction. As such, aerenchyma formation requires ethylene, Ca 2+ and reactive oxygen species (ROS) signaling which induces programmed cell death and ultimately cell wall degradation (Drew et al. 2000, Joshi and Kumar 2012) . Development of adventitious roots also involves ROS and ethylene as second messengers (Sauter and Steffens 2014 , Voesenek and Bailey-Serres 2015b , Yamauchi et al. 2016 .
The last decade has witnessed some exciting developments in the field such as the discovery and cloning of the SUBMERGENCE 1A (SUB1A) gene in rice (Xu et al. 2006 ) that resulted in a major improvement of submergence tolerance in high-yielding varieties in this species. However, rice is rather unique in the way it handles the flooding stress, as it possesses a constitutive aerenchyma and thus is capable of avoiding hypoxia stress when grown in waterlogged soils. Recently, Mendiondo et al. (2016) found that reduced expression of the N-end rule pathway N-recognin E3 ligase PROTEOLYSIS6 (HvPRT6) in barley plants enhances waterlogging tolerance. The development of the double haploid lines by using crosses between hypoxia-tolerant and intolerant cultivars and the discovery of comprehensive molecular linkage maps with QTLs (quantitative trait loci) enables the pyramiding of desirable traits to improve hypoxia tolerance. However, because of genetic and environmental interaction, many undesirable genes will be inevitably transferred during the breeding process while attempting to transfer 'good' genes from these multiple loci, hampering proper growth and yield quality. Thus, the problem could be solved only if more physiologically oriented assays for specific mechanisms conferring waterlogging tolerance were implemented (Shabala 2011) . From the practical point of view, rather than trying to accommodate dozens of potentially useful physiological and anatomical traits, it makes more sense to target some upstream signaling processes that initiate all these changes. One such process is hypoxia (oxygen) sensing.
Here, we review the current knowledge about the oxygensensing and signaling pathway in mammalian and plant systems under hypoxia and postulate the potential role of ion channels as putative oxygen sensors in plant roots. For all other aspects of hypoxia and submergence tolerance in plants, the readers are directed to the recent comprehensive reviews in the field (e.g. Perata et al. 2011 , van Dongen and Licausi 2015 , Voesenek et al. 2015 .
Enigma of Oxygen Sensors: Semantic Considerations
One of the differences between life science literature and papers in the physical science domain is a rather broad and sometime misleading use of terminology by biologists. A classic example is the use of the terms adaptation and acclimation as synonyms, with not much attention paid to the difference in the time scale. Another example that is directly relevant to the topic of this study is the (often) synonymous and interchangeable use of terms 'sensor' and 'transducer' in plant literature and, specifically, oxygen sensors-the focus of this paper.
Currently, this role is attributed to the N-end rule signaling pathway (Gibbs et al. 2011 , Licausi et al. 2011 . Group VII ethylene-responsive factors (ERF-VIIs) are capable of translating oxygen availability into the transcriptional reprogramming level via the N-end rule pathway of protein degradation (Gibbs et al. 2011 , Licausi et al. 2011 , van Veen et al. 2014 , Weits et al. 2014 ,; see more details below). While indeed the stability of the ERF-VIIs is absolutely essential to convey the information and mediate plant adaptive responses to hypoxia, some researchers working in the field have argued that the reported changes occur hours after the stress onset. Because of this, ERF-VIIs may appear after other changes reported in plant tissues exposed to hypoxia such as membrane depolarization (Zeng et al. 2014) , changes in transporter activity ) and ROS production (Pucciariello and Perata 2017) , all of which occur on the time scale of seconds. Thus, in strict semantic terms, the N-end rule pathway fits perfectly the description of the transducer but not the sensor per se. It should be also added that to the best of our knowledge, there have not been rigorous analyses of the speed of stabilization of ERF-VIIs' N-end rule substrates, and therefore it is possible that these are stabilized much faster (e.g. almost immediately) in vivo under hypoxia. The supporting argument comes from the fact that plant cysteine oxidases (PCOs) involved in the operation of ERF-VIIs play a very similar role to mammalian prolyl hydroxylases that participate in the mammalian oxygen-sensing mechanism, and that oxygen sensing through Cys1 oxidation is a chemical reaction that can occur immediately, without lag time (e.g. Hu et al. 2005) . From this point of view, PCOs could be considered the equivalent 'oxygen sensors' in plants; the ultimate answer should come when the quantitative data on the speed of stabilization of ERF-VIIs' Nend rule substrates becomes available.
The mammalian literature dealing with oxygen sensing defines an oxygen sensor as an 'element that enters in contact with the stimulus; the measured variable of the surrounding milieu' (Gonzalez et al. 2010) . This implies that such sensor should be located at the boundary between the plant tissue and the environment, e.g. either in the cell wall or at the plasma membrane. Extrapolating this definition to hypoxic conditions in the soil, the most likely location for an oxygen sensor should be either the plasma membrane of epidermal root cells (to sense changes in external oxygen concentrations) or in those cells located at the xylem parenchyma boundary where the partial oxygen pressure is the lowest (Kotula et al. 2015) . In this review, we focus mainly on these two tissues. Before doing this, we briefly summarize the current knowledge of oxygen sensing in plants.
Are ERF-VIIs the Only Oxygen Sensors in Plants?
The current knowledge on oxygen sensors in plants originates mainly from studies on the model plant Arabidopsis and flooding-tolerant rice. Ethylene plays vital roles during waterlogging stress such as aerenchyma formation, adventitious root initiation, stem elongation and hyponasty response (Jackson 2008, Voesenek and Sasidharan 2013) . In Arabidopsis, hypoxiainduced changes in transcript profiles have revealed two ethylene-regulated essential transcription factor genes, HYPOXIA RESPONSIVE ERFS (HRE genes) and RELATED TOAP2.2 (RAP2.2). Overexpressing HRE1 or RAP2.2 in Arabidopsis enhanced plant survival under hypoxic stress by increasing the expression of core hypoxia-responsive genes, while knocking out HRE1, HRE2 or RAP2.2 led to the opposite results (Licausi et al. 2010 , Hess et al. 2011 , Yang et al. 2014 , Papdi et al. 2015 . Submergence-tolerant rice employs ERF-VIIs to cope with oxygen deficiency (Voesenek and Bailey-Serres 2015b) . Specifically, submergence has entrapped the ERF-like gene OsSUB1A at a locus that also encodes OsSUB1B and OsSUB1C to promote quiescence through reducing respiration and metabolic adjustment (Pena-Castro et al. 2011 . Ethylene also regulates two ERF-like genes, SNOKEL1 (OsSK1) and SNORKEL2 (OsSK2), leading to rapid growth of petioles and stems, and vascular changes to facilitate gas diffusion (Xu et al. 2006 , Hattori et al. 2009 ).
Over half of the up-regulated mRNA are involved in the stabilization of five group ERF-VIIs in Arabidopsis during shoot submergence or root waterlogging (Gasch et al. 2016) . Two of the ERF-VIIs members are HRE1 and HRE2 which are hypoxia inducible (Mustroph et al. 2009 ). RAP2.12, RAP2.2 and RAP2.3 not only react to hypoxic stress but also accumulated constitutively under normoxic conditions (Papdi et al. 2008 , Hinz et al. 2010 , Papdi et al. 2015 . ERF-VIIs have been identified in Arabidopsis and rice; these are regulated by continuous proteasomal degradation, known as the N-end rule pathway under hypoxia (van Dongen and Licausi 2015) . Generally, the N-end rule pathway depends on the N-terminal amino acid residue exposed in a protein or peptide (Graciet and Wellmer 2010, Varshavsky 2011) . Most of the ERF-VIIs in plant species possess a conserved N-terminal motif (MetCys-Gly-Gly-Ala-Ile/Leu, MCGGAI/L, termed the MC motif ) characterized by a cysteine residue in the penultimate position (Gibbs et al. 2011 ) providing a molecular signature which could be recognized by specific aminopeptidases (Bradshaw et al. 1998 , Licausi et al. 2011 . The oxidation of the cysteine residue by PCOs, dependent on the ambient intracellular oxygen concentration, is therefore the critical step that determines the lifetime of ERFs, and thus determines the fate of the protein for degradation via the proteasome (Weits et al. 2014 , Mendiondo et al. 2016 . The PCOs may therefore act as plant O 2 sensors (White et al. 2017) . Several PCOs and ERF-VIIs are also induced by hypoxia (Licausi et al. 2010 , Weits et al. 2014 , so these factors may diversify the sensitivity to oxygen levels. Hypoxia-activated cysteine oxidation could be affected by the accumulation of ROS and nitric oxide (NO), the dampened H + -ATPase and cytosolic pH (pH cyt ) decrease and nucleotide triphosphate hydrolysis (Hu et al. 2005 , Conte and Carroll 2013 , Ishizawa 2014 . Therefore, the N-end rule pathway functions as a fine-tuning mechanism for hypoxic response and to silence the anaerobic response rapidly when normoxic conditions are restored (van Dongen and Licausi 2015) .
Key Hypoxic Stress Signaling Events in Plants
In addition to the N-end rule signaling pathway, three other regulatory pathways mediate plant responses to hypoxia and may be considered as signal transducers. These include (i) cytosolic Ca 2+ regulation and signaling; (2) cytosolic acidosis; and (3) ROS signaling (Licausi and Perata 2009 , Bailey-Serres and Voesenek 2010 , Voesenek and Bailey-Serres 2015a .
Cytosolic free Ca

2+
Cytosolic free Ca 2+ ([Ca 2+ ] cyt ) has been widely recognized as the central regulatory signal mediating plant adaptive responses to abiotic and biotic stimuli (Reddy et al. 2011 , Steinhorst and Kudla 2014 , Zhu et al. 2015 . Hypoxic stress causes a rapid elevation of [Ca 2+ ] cyt in the cells of Arabidopsis, maize, rice and wheat (Subbaiah et al. 1994 , Yemelyanov et al. 2011 , Lindberg et al. 2012 ) and this elevation is fundamental for gene activation and acclimation responses at the cellular, tissue and plant levels (Subbaiah and Sachs 2003 , Wang et al. 2016b . Hypoxia depolarizes the mitochondrial membrane due to the dampening of the electron transport chain (ETC) to induce Ca 2+ release from the mitochondria to the cytosol. Depolarization of the plasma membrane suppresses K + channels under hypoxic conditions, leading to Ca 2+ influx to the cytosol (Lahiri et al. 2006 , Fahling 2009 
Cytosolic pH
Hypoxia usually causes a reduction of pH cyt in plant cells. Low oxygen conditions decrease pH cyt from a normal value at around 7.5-6.4 in shoot cells of anoxia-sensitive wheat genotypes after 99 h (Summers et al. 2000, Greenway and Gibbs 2003) . Such acidification results from proton release through ATP hydrolysis as well as from the low ATP concentration reducing the activity of the plasma membrane proton pumps (Gout et al. 2001) . Furthermore, the accumulation of weak acids from anaerobic carbohydrate catabolism will also induce cytosol acidification (Vartapetian and Jackson 1997) . Consistently, Zeng et al. (2014) found a high correlation between H + -ATPase and membrane potential in the barley elongation zone under hypoxia stress such that maintenance of the membrane potential is compromised as hypoxia extends. It was also found that hypoxia induces membrane depolarization leading to K + loss via via K + out channels (Zeng et al. 2014) . Cytosolic acidification may also inhibit the AtKCO4-mediated K + uptake into the pollen tube and potentially into Arabidopsis root tip cells where AtKCO4 is highly expressed (Becker et al. 2004 ).
Reactive oxygen species
Hypoxic stress also interferes with the mitochondrial respiration pathway and generation of ROS in plant cells Mittler 2006, Yamauchi et al. 2014 ). The accumulation of ROS has been detected in mitochondria and apoplasts via NADPH oxidases [or respiratory burst oxidase homologs (RBOHs)] under O 2 deprivation (Baxter-Burrell et al. 2002) . NADPH oxidases promote electron flow from NADPH to O 2 to generate superoxide anions in the apoplast, which are rapidly converted to hydrogen peroxide (H 2 O 2 ) (Sagi and Fluhr 2006) . It was found that knocking out RBOHD reduces superoxide production and lowers H 2 O 2 accumulation (Torres et al. 2002) , leading to poor survival under anoxia (Pucciariello et al. 2012 , Chen et al. 2015 , Wang et al. 2016a , suggesting a role for RBOHD under anoxic stress. Furthermore, H 2 O 2 serves as a signaling molecule in the ROP (RHO-like small G-protein of plants) signal transduction pathway in Arabidopsis via an NADPH oxidase under hypoxic conditions (Baxter-Burrell et al. 2002) . In addition, a recent study found that the hypoxia-responsive universal stress protein 1 (HRU1) is induced by RAP2.12 and interacts with RBOHD, suggesting that HRU1 may connect low oxygen sensing to ROS signaling (GonzaLi et al. 2015) . In mitochondria, low oxygen activates the ROS burst and mitogen-activated protein kinases 3 and 6 (MPK3 and MPK6) in Arabidopsis (Chang et al. 2012) , and H 2 O 2 generated in mitochondria may cross the mitochondrial membrane and be released in the cytosol (Hamanaka and Chandel 2009 ). ROS also activate plasma membrane Ca 2+ channels and slow anion channels, and inhibit K + in channels via Ca 2+ , pH and NO signaling pathways in many plant cell types (Kim et al. 2010 , Hedrich 2012 ).
Oxygen-Sensing Ion Channels in Mammalian Systems
As dependence and reliance of mammalian systems on O 2 is much stronger than in their plant counterparts, to enable rapid adaptive changes in cell excitability, contractility and secretory activity, acute responses to hypoxia must operate within a time frame of seconds (Taabazuing et al. 2014) . O 2 -regulated ion channels fit this description very well. A large number of ion channels were suggested for the role of oxygen sensors in animal systems (Fig. 1) . A summary of oxygen sensor candidates and their mechanisms in mammals is also listed in Table 1 . The strongest argument favoring this model comes from patch-clamp experiments showing hypoxia responsiveness of some channels in excised membrane patches without the presence of intracellular modulators. This sensing is believed to result from the close association of the O 2 sensor with the channel oligomer, either attracted to the pore-forming a-subunit or as a part of an auxiliary subunit (Lopez-Barneo et al. 2004, Kemp and Peers 2007) . The chronic responses to hypoxia are dependent on the modulation of hypoxia-inducible transcription factors, which determine the expression of numerous genes in animals. O 2 -regulated ion channels and transcription factors are part of a widely operating signaling system that provides sufficient O 2 to the tissues and protects the cells against O 2 deficiency (Lopez- Barneo et al. 2001 ). Below we provide a summary of the major type of mammalian ion channels with known O 2 -sensing capability.
TRP channels
Grouped in six related subfamilies, transient receptor potential (TRP) proteins consist of six-transmembrane (6-TM) polypeptide subunits that assemble into tetramers to form channels (Clapham et al. 2005 , Numata et al. 2013 . Several classes of TRP channels have been demonstrated to act as cell sensors for changes in O 2 availability (Aarts et al. 2003 , Weissmann et al. 2006 ). This sensing may occur via two principle mechanisms: (i) direct, via modification of thiol-rich molecules that leads to alteration of the redox status of channel proteins and (ii) indirect, through interaction with complexes with other proteins carrying O 2 sensor domains (Numata et al. 2013) .
Amongst various TRP proteins, TRPA1 is most frequently named as an oxygen sensor. The disruption of the TRPA1 gene in mice abolishes hyperoxia-and mild hypoxia-induced cationic currents in vagal and sensory neurons (Numata et al. 2013) , and TRPA1 responded to hyperoxic solutions in a concentrationdependent manner . The TRPA1 channel is activated by a direct mechanism, and its sensing of hypoxia is based on proline hydroxylation by prolyl hydroxylases and direct oxidation of cysteine residues . During normoxia, prolyl hydroxylases hydroxylate the conserved Pro394 residue within the 10th ankyrin repeat domain, inhibiting its activity. Hypoxia impairs prolyl hydroxylase activity, relieving TRPA1 from the inhibitory action of proline hydroxylation and leading to an increase in its activity (Numata et al. 2013) , most probably by dehydroxylation of modified proteins through an unidentified molecular mechanism .
The second class of oxygen sensors amongst TRP proteins are TRPM channels. TRPM7 is activated by anoxia through the production of ROS and reactive nitrogen species, facilitating Ca 2+ uptake that further stimulates ROS production and TRPM7 activation (Aarts et al. 2003) . Suppressing TRPM7 expression in rat cortical neurons prevents anoxic neuronal death. Another known candidate for oxygen sensing from this group is the TRPM2 channel implicated in anoxic neuronal cell death (Tymianski 2011) . Proteins from the TRPC cluster are also likely candidates for oxygen sensing.
At least three major types of K + channels are believed to be O 2 sensitive. They are classical voltage-gated (Kv) channels, Ca 2+ -sensitive K + channels (BK, BK Ca or maxi-K) and the tandem Pdomain K + channel (TASK) (Kim 2013 ). The current model assumes that a reduction in K + current upon oxygen sensing results in cell depolarization that opens voltage-dependent Ca 2+ channels, leading to an increase in [Ca 2+ ] cyt and stimulation of secretion of transmitters.
Four major Kv channel subfamilies (Kv1-Kv4) were first detected in Drosophila and then confirmed in mammals; of these, Kv1 is the largest (at least seven members) and has >60% homology with the Shaker channel in the core region (Coppock et al. 2001 , Sahoo et al. 2014 . Five additional families (Kv5-Kv9) were then discovered for mammals. The most likely candidates for the oxygen-sensing role are Kv1.2, Kv1.5, Kv2.1, Kv3.1b and Kv9.3 (Coppock et al. 2001 ). Importantly, in many cases, these channels by themselves may be not be O 2 sensitive but increase their sensitivity when they form heteromeric clusters. For example, the Kv9.3 subunit did not form a functional channel itself but showed a hypoxia-sensitive K + current after forming a Kv2.1/Kv9.3 heteromeric channel (Patel et al. 1997 ). Other potential candidates may be Kv1.2/ Kv1.5, Kv4.2/Kvb1.2, Kv2.1/kV9.3 and Kv4.1/Kv4.3 (Coppock et al. 2001 , Kim 2013 .
BK channels are activated by a broad range of signals including carbon monoxide (CO), heme, kinases, phosphatases, pH and O 2 (Hou et al. 2009 ). Heme oxygenase-2 (HO-2) is a part of the BK channel complex and enhances channel activity under normoxia. Carotid body cells demonstrated HO-2-dependent hypoxic BK channel inhibition. Taken together, these results indicated that HO-2 controls channel activity to sense oxygen during oxygen deprivation (Williams 2004 ).
Another known candidate for oxygen sensing in mammal cells is a background (or leak) K + channel from the TASK family. The likely mechanism behind O 2 sensing by TASK channels is believed to be the modulation of their activity by ATP/PIP2 (Kim 2013) , although some studies reported that hypoxia inhibited outward K + currents regardless of the presence of ATP in the patch pipette (Lopez-Barneo et al. 1988) , and the process was very quick (seconds). It has been suggested that TASK-3 is inhibited through phosphorylation by AMP-activated protein kinase (AMPK) in response to hypoxia but not TASK-1 Evans 2007, Dallas et al. 2009 ). The inhibited K + currents stimulate membrane depolarization, voltage-gated calcium entry and secretion of catecholamines, ATP and acetylcholine from neurones (Kumar 2007) . Based on these findings it can be concluded that adaptation to hypoxia starts with different constellations of factors since different pathways activate similar key factors, indicating potential compensatory possibilities. The ROS production from NADPH oxidase activates the plasma membrane and endomembrane Ca 2+ channels to increae cytosolic Ca 2+ and triggers Ca 2+ signaling pathways for a hypoxia response. (B) The TRP channel proteins have roles in sensing hypoxia via various secondary messengers. (C) TRPA1 has a direct oxygen-sensing mechanism, interacting with the PHD proteins. (D) Low oxygen is sensed via the heme/HO-2 pathway, down-regulating CO and promoting H 2 S. (E) Hypoxia is sensed by mitochondria via an AMP/AMPK mechanism to regulate BK and TASK channels. (F) Hypoxia is sensed by heteromeric Kv channels and their interactions with NADPH. AMPK, AMP-activated protein kinase; BK, calcium-activated potassium channel; BV, biliverdin; CO, carbon monoxide; CSE, cystathionine g-lyase; ER, endoplasmic reticulum; HO-2, heme oxygenase-2; H 2 S, hydrogen sulfide; Kv, voltage-gated potassium channel; PHD, prolyl hydroxylase; ROS, reactive oxygen species; TASK, two-pore domain potassium channel; TRPA1, transient receptor potential cation channel member A1. Hemoxygenase-2 CO Hemoxygenase-2 is part of the oxygen-sensitive BK channel complex in the CB and increases its channel activity in normoxia.
Williams (2004) Thus, the specific details of molecular oxygen sensing by TASK channels require further investigation.
Calcium channels
Some recombinant subunits of Ca 2+ channels expressed in heterologous cells have been shown to be O 2 sensitive (Fearon et al. 1997) . One such example includes the ryanodine receptor Ca 2+ -release channel (RyR1) in skeletal muscles, whose activity was stimulated by dropping pO 2 from ambient pressure (Eu et al. 2000) . The suggested mechanism for this O 2 sensing is believed to be the nitrosylation of some specific thiols at low O 2 . L-type voltage-dependent calcium channels were up-regulated after chronic hypoxia in the pulmonary artery (Wan et al. 2013 ) and HIF-1a was identified to play a role in expression of voltage-dependent calcium channels in the nervous system (Li et al. 2015) . The two pore segment channel (TPCN), also known as the two pore channel (TPC), is classified as a voltage-gated ion channel and expressed intracellularly in acidic organelles (endo-lysosomes) (Ishibashi et al. 2000) . This channel functions as a Ca 2+ release channel when activated by nicotinic acid adenine dinucleotide phosphate (NAADP) and also transports H + , K + and Na + (Pitt et al. 2010 , Pitt 2014 . In lysosome, TPCs are adjusted by mammalian target of rapamycin (mTOR) in response to the ATP concentration level. Because of this, TPCs have been proposed to be a link between mTOR signaling and lysosomes, which monitors the response to hypoxia (Laplante and Sabatini 2012) .
Chemo-Sensing and ROS-Dependent Oxygen Sensors in Mammalian Systems
Chemoreceptors
Studies on animal systems have led to the suggestion that the metabolism of hydrogen sulfide (H 2 S) could potentially serve as an oxygen sensor (Olson 2008) . Under normoxic conditions, this H 2 S is readily oxidized by mitochondria to either sulfite (SO 2ÀÀ 3 ) or sulfide (SO 2ÀÀ 4 ). When the oxygen level drops in the tissue (such as under hypoxia), this oxidation process is impaired, and then the cytosolic H 2 S concentrations increase. This signal is transduced into a physiological response by affecting a broad range of downstream targets (Li et al. 2011 , Olson 2011 . While no such evidence has been presented so far for plant systems, some circumstantial evidence makes this model plausible.
H 2 S has traditionally been considered toxic to plant development, largely due to its negative effects on enzymatic activity and, specifically, Cyt c oxidase (Alvarez et al. 2012 ) which catalyzes the terminal step in mitochondrial aerobic respiration, as well as excessive production of ROS (Capaldi et al. 2015) . In the seagrass Zostera muelleri, radial O 2 release from the leaf sheath protected the vital meristematic regions of the rhizome from H 2 S toxicity, and high H 2 S concentrations at the tissue surface under hypoxia correlated with the inability to sustain the protecting oxygen micro-shield around the meristematic regions of the rhizome (Brodersen et al. 2015) . However, several recent papers have pointed out an important signaling role for H 2 S (reviewed in Capaldi et al. 2015) ; this included, in particular, control over activity of major enzymatic antioxidants (hence, ROS detoxification) and ABA signaling and stomatal closure. All these factors are essential for plant adaptation to flooding. Exogenously applied H 2 S alleviated hypoxia-induced tip death in pea roots, presumably by protecting root tip cell membranes from ROS damage induced by hypoxia and by stimulating a quiescence strategy through inhibiting ethylene production (Cheng et al. 2013 ).
Heme-containing enzymes
The stimulus-response curve of the carotid body resembles an inverted hemoglobin (Hb)-O 2 dissociation curve (Prabhakar 2006) , leading to the suggestion that a Hb-like molecule may operate as an O 2 sensor in this tissue (Chandel and Schumacker 2000) . One of the most likely candidates for this function is mitochondrial Cyt a 3 which has a low affinity for O 2 . There are also several non-mitochondrial heme-containing enzymes that can tick the box, such as nitric oxide synthase (NOS), HO-1 and -2, and NADPH oxidases (Prabhakar 2006) . In the presence of molecular oxygen and NADPH, HO oxidates cellular heme and generates CO, iron and billiverdin (BV) (Kemp 2005 ). In its turn, CO is known to be a potent activator of BK channels. During the hypoxia, CO production is dramatically reduced, as heme is no longer catabolized in the absence of O 2 . This results in a closure of the B Ca channel, with consequences for intracellular Ca 2+ signaling. Exogenous application of heme decreased the open probability of Ca-dependent outward-rectifying K + efflux channels in pollen tube protoplasts (Wu et al. 2011) , while CO activated these channels in a dose-dependent manner. While we were not able to find any reports on the changes in HO or CO levels in hypoxia-treated roots, the possibility of CO signaling in plant adaptive responses to low O 2 conditions cannot be excluded and warrants further investigation.
Mitochondria-and NADPH-derived ROS production
The literature on acute oxygen sensing and mitochondrial ROS has been dominated by almost a decade by two opposite views on their significance (Gonzalez et al. 2010) . It was proposed that redox regulates membrane K + channels, and that a decrease in ROS production by mitochondria during hypoxia leads to a reductive shift that causes vasoconstriction through the closure of Kv channels (Archer et al. 1993) . The opposite view attributed control of K + channels to changes in the redox status caused by alterations in NADPH oxidase activity. This controversy and polar opposite views are largely explained by the fact that methods of assessing ROS concentrations or redox status are not reliable, and most conclusions come from pharmacological evidence. As a result, there is no agreement on whether hypoxia decreases or increases cell ROS production in either mammalian cells (Lopez-Barneo et al. 2004) or plant cells (Wang et al. 2016a) .
The proponents of the first model draw their conclusions from the similarity of effects of pharmacological inhibitors on ETC processes and carotid bodies function (Chandel and Schumacker 2000, Waypa and Schumacker 2010) . The concept behind this 'mitochondrial O 2 -sensing hypothesis' is that hypoxia inhibits the activity of Cyt c oxidase at complex IV, leading to an altered mitochondrial redox state and the generation of ROS (Chandel and Schumacker 2000, Semenza 2014 ).
According to the NADPH oxidase model of O 2 sensing first proposed by Marshall et al. (1996) , electrons derived from NADPH are shuttled to O 2 by the oxidase at a rapid rate during normoxia, generating superoxide. Dismutation of superoxide generated H 2 O 2 , inducing a site-specific oxidation of a regulatory protein (via the Fenton reaction). During hypoxia, a decrease in O 2 availability would lead to a slowed rate of electron transport, shifting cytosolic redox to a more reduced state (Chandel and Schumacker 2000) and modulating the channels' activity through a redox mechanism (Coppock et al. 2001 , Lopez-Barneo et al. 2004 . In support of this hypothesis, Kv channel inhibition has been demonstrated in excised patches in the absence of intracellular mediators in Type 1 cells of the carotid body (Ganfornina and Lopez-Barneo 1992) .
Based on the current knowledge and the above literature for complex mechanisms, six potential hypoxia-sensing pathways are summarized (Fig. 1) . Hypoxia stress excites NADPH oxidase on the plasma membrane generating ROS, which further trigges RyR, L-type Ca 2+ channels and TPCN (TPC1) channels to induce an increase of [Ca 2+ ] cyt . Hypoxia indirectly activates TRP family channels via small signal molecules including CO, H 2 S, Ca 2+ , ROS and NO, and decreases pH, leading to membrane depolarization. Moreover, hypoxia could directly modify the TRPA1 channel through PHDs. As the oxygen level drops in the tissue, the reduced CO production and accumulated H 2 S both inhibit the BK channel which subsequently reduces K + leak. AMPK is activated by phosphorylation in response to increases in the cellular AMP:ATP and/or ADP:ATP ratios under hypoxia stress which further suppress voltage-gated potassium channels. Hypoxia is sensed by heteromieric Kv channels and their interactions with NADPH.
Are there any similar hypoxia-sensing mechanisms in plants? Comparative analysis of plant orthologs to the key mammalian oxygen-sensitive ion channels may provide some clues as to whether there may be any plant ion channels functioning as oxygen sensors.
Oxygen-Sensing Domains
Regardless of the true identity of oxygen sensors, one of the most important features for hypoxia response is the presence of the oxygen-sensing domains in different types of signaling proteins. There are several well-established oxygen-sensing domains in different species (Shimizu et al. 2015 ) and a few less known candidates.
PAS domain
The Per-Arnt-Sim (PAS) domain was named after three proteins (Per, period circadian protein; Arnt, aryl hydrocarbon receptor nuclear translocator protein; and Sim, single-minded protein) and is a domain found in many signaling proteins as a signal sensor. Many PAS domain proteins detect their signal via an associated cofactor such as heme. Thus, one of the most important functions of PAS is its involvement in hypoxia-inducible factor (HIF)-mediated oxygen sensing (Gilles- Gonzalez and Gonzalez 2004) . HIF1 and HIF2 consist of an oxygen-sensitive a-subunit, which under normoxia is targeted for rapid degradation by the pVHL (von Hippel-Lindau)-E3-ubiquitin ligase, and a constitutively expressed b-subunit (Haase 2006) . In human PAS kinase, the region has been shown to be very flexible, and adopts different conformations depending on the bound ligand. Structural and functional analyses of point mutants demonstrate that PAS domains may serve as ligand-regulated switches (Amezcua et al. 2002) . The identification of a PAS domain being located at the N-terminus in EAG-like K + -channels is very interesting (Bauer and Schwarz 2001) and relevant to this study.
Globin-coupled O 2 sensor (GCS) domain
The globins are a superfamily of heme-containing globular proteins for oxygen binding and transportation. Hb is widely distributed in many organisms including plants, to bind oxygen reversibly via a heme prosthetic group (Bogusz et al. 1988 , Garrocho-Villegas et al. 2007 , Vinogradov et al. 2007 . Plant Hbs, known as leghemoglobins (Lbs), were first identified in soybean root nodules, facilitating the diffusion of O 2 to bacteroids. Non-symbiotic hemoglobin (nsHb) was first isolated from the nodules of the non-legume dicot plant Parasponia, and sequences were also identified in monocot and bryophyte plants. These proteins have very high O 2 affinities because of an extremely low O 2 dissociation constant. Analysis of rice Hb1 showed that a distal histidine co-ordinates heme Fe and stabilizes the bound O 2 , suggesting that O 2 is not released easily from oxygenated nsHbs. NsHb genes are expressed in specific plant tissues, and overexpressed in organs of stressed plants (Garrocho-Villegas et al. 2007 ).
GAF domain
The GAF domain, found in a wide range of signaling proteins from all species, is named after three proteins (cGMP-specific phosphodiesterase, adenylyl cyclase and FhlA) (Aravind and Ponting 1997) . The GAF domains share a similar fold with the PAS domains (Ho et al. 2001) . In mammals, GAF domains are found in five members of the cyclic nucleotide phosphodiesterase (PDE) superfamily, which bind cGMP and/or cAMP to their GAF domain (Schultz 2009 ). Adenylyl and guanylyl cyclases catalyze conversion ATP and GTP to the second messengers cAMP and cGMP, respectively, and these products up-regulate catalytic activity by binding to the regulatory GAF domain. Phytochromes are regulatory photoreceptors in plants and bacteria that exist in two thermally stable states that are reversibly interconvertible by light. An asymmetrical dumbbell form made up of a PAS-GAF bi-domain carrying the chromophore and the smaller PHY (phytochrome-specific) domain was revealed. The PHY domain is structurally related to the GAF family (Hughes 2010) . For instance, Mycobacterium tuberculosis responds to reduced O 2 tension through a two-component signaling system via the heme-binding GAF domains of two sensory histidine kinases, DosT and DevS, and the transcriptional regulator DosR. In GAFDosT, heme binds in an orientation orthogonal to that in the PAS domains via a highly conserved motif, including invariant H147 as a proximal heme axial ligand. O 2 binds as a second axial ligand to the heme iron. Determination of the GAFDosT structure sets up a framework in which to address ligand recognition, discrimination and signal propagation schemes in the heme-based GAF domains of biological sensors (Podust et al. 2008 ).
Prolyl hydroxylase domain (PHD)
Under well-oxygenated conditions HIFa becomes hydroxylated by members of the PHD family (Schofield and Ratcliffe 2004, Kaelin 2005) . The PHD proteins belong to the Fe(II) and 2-oxoglutarate (2-OG)-dependent oxygenase superfamily, whose activity is absolutely dependent on oxygen. Iron (II)/2-OG-dependent oxygenases catalyze oxidative reactions in a range of metabolic processes. Proline 3-hydroxylase hydroxylates proline at position 3, the first 2-OG oxygenase catalyzing oxidation of a free a-amino acid. The structure contains conserved motifs present in other 2-OG oxygenases including a strand core and residues binding iron and 2-OG, consistent with divergent evolution within the extended family.
Evolutionary Analysis of Putative Oxygen-Sensing Domains in Plants
Based on the information, we used mammalian sequences containing those oxygen-sensing domains to identify the potential plant counterparts in Arabidopsis. Overall, there are five, two and two Arabidopsis proteins that contain a corresponding PAS/GAF, GCS and PHD, respectively ( Table 2) . Our analysis shows some very likely scenarios in which plants may have similar oxygen-sensing mechanisms from those in other species. We compared the different oxygen-sensing domains in animals and plants and listed a number of proteins with an oxygensensing domain in Homo sapiens (human) and Mus musculus (house mouse) for a comparison (Supplementary Table S1 ). We have also conducted an evolutionary analysis of proteins containing these domains in key species from archaebacterium to human ( Fig. 2; Supplementary Figs. S1-S4 ). Phylogenetic analysis of proteins containing a PHD showed that prolyl 4-hydroxylase protein in Arabidopsis thaliana is closely related to the orthologous protein in a fungus Taphrina deformans ( Fig. 2A) . In the alignment of protein sequences containing a PHD, there are many highly conserved amino acids between plant and mammalian systems, indicating that the key mammalian oxygen/hypoxia-sensing PHD proteins may have plant counterparts of ortholog proteins performing similar functions (Fig. 2B) . However, there is a lack of conserved mammalian PAS, GAF and GCS domains in plants (Figs. 1-4) . We further explored within the candidate plant ion channels for the availability of those oxygen-sensing domains. Unlike the EAG-like K + -channels, neither AtAKT2, AtTPC1 nor AtKC4 contains a single domain which is highly homologus to the known oxygensensing domains PAS, GAF, GCS and PHD ( Fig. 2 ; Supplementary Figs. S1-S4 ). In addition, the PAS-containing proteins FixLs usually contain a key His285, which is conserved among all heme-binding oxygen-sensing FixLs as the site for phosphorylation (Monson et al. 1992 ). AtAKT2, AtKCO4 or AtTPC1 lack this key His285, suggesting that these ion channels may not have a role in heme-regulated oxygen sensing. However, we still cannot rule out the possibility that ion channels are key components of oxygen sensors in response to hypoxia in plants. Therefore, we further analyzed a few families of plant ion channels, which are orthologous to mammalian ion channels that are known to be directly or indirectly involved in oxygen sensing.
Plant ion channels as potential oxygen sensors
Given the similarity of many hypoxia signal transduction pathways and the fact that mammalian K + and Ca 2+ channels are well established as the most likely candidates for oxygen sensing, we compared plant ion channels with their mammalian counterparts and tried to reveal possible candidate plant channels for this role. Based on the protein sequences mammalian mof K + and Ca 2+ channels (Kv1.2, Kv2.1, Kv3.1, Kv9.3, Kv1.5, Kv4.2, KvBeta1.2, BK, TASK3, TREK, Kapt channel, Kir4.1, Kir5.1, TRPA1, TRPM7, TRPM2, TRPC6 and L-type Ca 2+ channels), 39 amino acid sequences of H. sapiens (human) and M. musculus (house mouse) were downloaded from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih. gov). We used these sequences to BLAST the Arabidopsis genome, and candidate protein sequences were selected by BLASTP searches which an satisfied E-value <10 -5 . Specifically, six K + and Ca 2+ channels AtKCO1, AtKCO4, AtKCO5, AtKCO6, AtAKT2 and AtTPC1 (Supplementary Table S2 ) from three families were identified. The phylogenies were constructed with MEGA 7 using the Neighbor-Joining method of evolution (Kumar et al. 2016) . Values from 1,000 bootstrap replicates are shown at the nodes. Based on the known oxygen sensor-related ion channels in H. sapiens and M. musculus, bioinformatics analysis identified three likely candidates in Arabidopsis, AtTPC1 (Fig. 2) , AtAKT2 ( Supplementary Fig. S5 ) and AtKCO4 ( Supplementary Fig. S6 ). For instance, TPC1s are found in both plants and mammals with high similarity. Between AtTPC1, HsTPC1 and MmTPC1, the E-values were in the range of 8e -49 to 1e -29 , query coverage was between 63% and 92%, and sequence identity was between 24% and 27% (Supplementary Table S2 ). Therefore, AtTPC1 could be a potential oxygen sensor during hypoxia in plant cells.
The Arabidopsis two-pore channel 1 (TPC1) encodes a Ca 2+ -dependent Ca 2+ -release channel that is known as the slow vacuolar channel responsive to various stresses. The tpc1 knockout mutant lacks functional slow vacuolar channel activity and is defective in both ABA-induced repression of germination and stomatal response to extracellular Ca 2+ (Peiter 2005) . A recent study showed that TPCs contain two copies of a Shaker-like 6-TM domain in each subunit and are ubiquitously expressed in both animals and plants as cation channels (Fig. 3) . AtTPC1 functions as a homodimer, and Ca 2+ binding to its cytosolic EF-hand domain triggers conformational changes coupled to the pair of pore-lining inner helices from the first six TM domains, whereas membrane potential only activates the second voltage-sensing domain (Guo 2016) . TPCs are activated by a decrease in transmembrane potential (Cang et al. 2014 , Guo 2016 and an increase in cytosolic calcium concentrations (Guo 2016) , and are regulated by luminal low pH, Ca 2+ (Beyhl et al. 2009 ) and phosphorylation. Human HsTPC1 and HsTPC2 are involved in triggering Ca 2+ release from acidic lysosomal and endolysosomal Ca 2+ stores in this process. HsTPC1 was permeable not only to Ca 2+ but also to monovalent cations (Pitt 2014) . Although AtTPC1 does not localize to the plasma membrane, it is sensitive to both biotic and abiotic stresses (Hedrich and Marten 2011) . Phylogenetic analysis of AtTPC1 with mammalian TPCs showed small evolutionary differences between different species (Fig. 3A, D) . Amino acid alignment and logo analysis showed 40.8% and 42.8% identity between AtTPC1 and HsTPC1/MmTPC1, respectively (Fig. 3B) . TM prediction and evolutionary conservation analysis pointed to a high similarity between AtTPC1 and the two mammalian TPC1s (Fig. 3C, D) . We also used 10 representative species of the major evolutionary lineages for phylogenetic analysis of TPC1s. TPC1s have been evolutionarily conserved in many land plants and algae (Cai et al. 2017 as well as in mammals. Tao et al. (2016) recently found in the Primulina genus that TPC1 may be involved in the local adaptation to karst Ca 2+ -rich environments, indicating that TPC1 was dominated by purifying selection, and the selective pressures were not significantly different among species lineages. In pulmonary arteries of rats, TPC1 and TPC2 proteins were significantly increased after hypoxia, and the elevation of their expression may contribute to the alterations in Ca 2+ homeostasis in hypoxic pulmonary hypertension . In Arabidopsis roots, TPC1 plays a crucial role in a calcium-induced calcium release mechanism under abiotic stress, and this pathway also involves ROS produced by AtRBOHD (Evans et al. 2016) . Based on the literature and our results, we speculate that AtTPC1 may still play important roles in indirectly sensing oxygen via ROS and Ca 2+ signaling in Arabidopsis despite lacking known oxygen-sensing domains (Figs. 3, 4) .
Another likely candidate is AtAKT2 of the Shaker K + channel family in Arabidopsis (Supplementary Fig. S5 ). AtAKT2 is the only weak inward rectifier K + channel with unique functional properties as compared with other Shaker family channels in Arabidopsis. AtAKT2 is mainly expressed in the phloem and root, and its mRNA level is up-regulated by ABA. Regulation of AtAKT2 activity by AtPP2CA may enable the control of K + transport and membrane polarization under stress conditions (Chérel 2002) . Also, AtAKT2 showed 32.7% and 32.2% identity to the two known hypoxia-responsive K + channels HsKCNMA1 and MmKCNMA1, which are activated by a broad range of signals including CO, heme, pH and O 2 . Amino acid alignment, topology, logo and evolutionary conservation analysis all point to the postulation that AtAKT2 may be involved in oxygen sensing in Arabidopsis ( Fig. 4;  Supplementary Fig. S5) .
A tandem-pore K + channel AtKCO4/AtTPK4 (Becker et al. 2004 , Marcel et al. 2010 ) could also be a putative oxygen-sensing plant ion channel. AtKCOs have four TM domains and two pore regions, and share structural homologies with their animal counterparts of the KCNK (TASK) family ( Supplementary Fig.  S6 ). In contrast to the Shaker K + channels with six TM domains and one pore region, the functional properties and the biological role of plant AtKCO channels have not been fully elucidated. AtKCO4 localizes to the plasma membrane and is predominantly expressed in pollen and highly expressed in root tip cells (Becker et al. 2004 ). AtKCO4 has properties resembling the electrical properties of a voltage-independent K + channel when expressed in Xenopus oocytes and yeast. Hyperpolarizing as well as depolarizing membrane voltages elicited [Ca 2+ ] cyt -and pH cyt -sensitive instantaneous K + currents. Thus, AtKCO4 represents a member of plant tandem pore K + channels with similar characteristics to its animal counterparts (Becker et al. 2004 ). AtKCO4 showed 40.8% and 42.8% identity to the two known hypoxia-responsive K + channels HsKCNK9 and MmKCNK9, also known as TASK-3. Amino acid alignment, topology, logo and evolutionary conservation analysis all point to the possibility that AtKCO4 may be involved in oxygen sensing due to its unique functions in Arabidopsis ( Fig. 4; Supplementary Figs. S6, S7 ).
Prospects and Conclusions
The molecular identity of the oxygen sensor in living organisms remains an enigma, even in mammalian systems, to say nothing Escherichia coli, J7QNQ2_ECOLX PKHD-type hydroxylase; Taphrina deformans, R4XCR9_TAPDE 2-oxoglutarate and Fe(II) dioxygenase domain-containing protein; Chlamydomonas reinhardtii, A8IDI8_CHLRE prolyl 4-hydroxylase; Hordeum vulgare, F2CSE2_HORVV; Oryza sativa, Q6K7Q8_ORYSJ putative prolyl 4-hydroxylase; Physcomitrella patens, A9RGM2_PHYPA; Picea sitchensis, A9NS85_PICSI; Cryptomeria japonica, Q1XG55_CRYJA putative prolyl 4-hydroxylase; Arabidopsis thaliana, P4H13_ARATH prolyl 4-hydroxylase 13; Trichinella spiralis, E5S3D9_TRISP prolyl 4-hydroxylase subunit alpha-1; Caenorhabditis elegans, P4HA1_CAEEL prolyl 4-hydroxylase subunit alpha-1; Homo sapiens, P4HA2_HUMAN prolyl 4-hydroxylase subunit alpha-2; Mus musculus, E9Q7B0_MOUSE prolyl 4-hydroxylase subunit alpha-1; Drosophila melanogaster, Q9VA61_DROME prolyl-4-hydroxylase-alpha. about plants. Being the first structures to come into contact with a hypoxic environment, ion channels are ideally suited for this role. It also appears that both plants and mammalian cells have more than one type of oxygen sensor that operate on rather different principles. Such a 'multi-array' mode of sensing may be essential to ensure reliability of operation. Furthermore, given the fact that plant adaptive responses to a broad range of abiotic factors are encoded by the rather limited set of second messengers, having multiple oxygen sensors located in different intracellular compartments may be essential to encode the specificity of the stress signal.
In this work, based on analogy with mammalian systems, we have identified several possible candidate plant ion channels with the tentative oxygen-sensing role (Fig. 3) . From general considerations, these sensors should be located in either the root epidermis or xylem parenchyma tissue. Root epidermal cells are those that face the largest oxygen drop under transition from normoxia to hypoxia, while xylem parenchyma cells operate at very low oxygen levels and thus will experience acute hypoxia. The ultimate proof for their involvement should come from patch-clamp experiments (using both single-channel and whole-cell configurations) as well as from forward and reverse genetics experiments. In the past, such an approach has identified mutants defective in their responses to a range of abiotic (e.g. osmotic) and biotic (pathogens) stresses. The same strategy should be used to identify the channels directly sensing low oxygen in plants.
In summary, we propose a testable model for potential roles of ion channels in plant hypoxia sensing (Fig. 4) . In this model, hypoxia stress is sensed by several plasma membrane-(AKT and KCO) and tonoplast-based (TPC1) ion channels, as well as ROS-generating apoplastic NADPH oxidase and the mitochondrial ETC. This sensing results in an increased cytosolic ROS accumulation as well as a massive and rapid elevation in [Ca 2+ ] cyt resulting from both direct activation of vacuolar Ca 2+ -permeable channels (TPC1) and inositol trisphosphate receptor(IP3R)/IP6R Ca 2+ release channels in the endoplasmic reticulum under low oxygen conditions as well as from activation of TPC1 and depolarization-activated Ca 2+ -permeable cation channels (DACCs) by ROS. The elevation of [Ca 2+ ] cyt then inhibits AKTs via SnRK protein kinases. Hypoxia-induced ROS production by mitochondria and NADPH oxidase promotes the synthesis of NO, which blocks guard cell outwardly rectifying K + (GORK) channels by protein nitrosylation. In addition, the elevated [Ca 2+ ] cyt could also directly inhibit AKT channels or indirectly via AMP and AMPK produced in the mitochondria. Hypoxia-induced acidification of pH cyt may block the plasma membrane KCO4, leading to membrane depolarization. Assuming different oxygen-sensing mechanisms have different activation thresholds, such a sophisticated sensing and signaling network enables plants to 'tailor' their adaptive responses to match the severity and duration of the hypoxia stress.
Supplementary data
Supplementary data are available at PCP online. Predicted model for ion channels in hypoxia sensing in plant cells. Solid arrows, known activation/inhibition of hypoxia-sensing mechanisms; dashed arrows, possible activation/inhibition of oxygen-sensing mechanisms. AKT, Arabidopsis K + transporter; DACC, depolarizationactivated Ca 2+ -permeable cation channel; GORK, guard cell outwardly rectifying K + channel; KCO4, tandem-pore K + channel 4; IP3R, inositol trisphosphate receptor or Ca 2+ channel; NO, nitric oxide; ROBH, respiratory burst oxidase homolog; ROS, reactive oxygen species; SnRKs, Snf1-related protein kinase; TPC1, two-pore channel 1.
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